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Outline

Ultra-high energy cosmic rays (UHECR): research & problems
Telescope Array (TA) experiment

UHECR all-particle energy spectrum

UHECR mass composition (types of paricles)

Anisotropy and search for UHECR sources

UHE gamma-rays and neutrinos



Ultra-high energy cosmic rays

* Protons and nuclel, E > 1 EeV (10%% eV)

* HEP parameter space not studied In terrestrial
experiments

*Flux is very low ~ 1 km=yr

* Only indirect observation (interactions with the
atmosphere)

* Origin I1s unknown (extrtagalactic)

From the list of 30 unsolved physics problems for XXI century

27. Ilpobreva Temrioit MaTepun (CKPLITONH Macchl) U €€ TeTeRTH-

rueit.
29. 'amMa-Becniiecku. ['nnepHoBLIe.

V.L. Ginzburg, 2001
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Observation of UHECR

Particl l]astada

Hadrons

FProton
Neutron

Kaon

Leptons

(o] Electron
0 Positron
@0 Muons

Muon
@ Neutrino

Photons

Gamma
Ray

Hadrumc Shower

EM S%::er

Muons

Interaction of cosmic rays in the atmosphere

* Cosmic ray interacts with the atomic nucleus in the upper
layers of the Earth’s atmosphere (altitude ~ 10 km)

 Collision generate a large number of secondary particles

 Jets of these particles continue to interact with the
atmosphere generating a cascade of billions of particles
that reaches the Earth’s surface

It is an extensive air shower (EAS)

Discovered by Pierre Auger in 1939



Observation of UHECR

Extensive alr shower
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Fluorescence detectors (FD)
Detect UV-light from nitrogen molecules
excited by EAS

fluorescence light (UV)

Scintillators

Surface detectors (SD)
Detect EAS footprint (e*, v, p, 4*) on Earth’s surface




Telescope Array experiment
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TA/TALE/TAx4 Array

30 km

TA,

NIMA, 1019,
165726 (2021)

ooooooooo

......

New SD

......

F®

TA SD 3

- Spacing: 1.2 km

New SDs

.....

. Spacing: 2.08 km

New SD

\ ’

50 Kilometers
22

pr
Dept. of Phr

WSICS Univ tah

TAX4 extension

TAx4 was developed to accelerate the pace of data collection
at the highest energies.

500 new SDs with 2.08 km spacing (TASD: 1.2 km spacing)
New SDs and TA SDs plan to cover
4xTA SD detection area (~2800 km?)

More than half of the new SDs (257 SDs) were deployed in 2019.
Deployed SDs are running stably since Nov. 2019.
Current detection area ~1700 km?2.

Two new Fluorescence Detector (ED) stations (4+8 HiRes
Telescopes)

FD(north): stable run since Jun. 2018.
FD(south): stable run since Sep. 2020.

* Extension for cosmic rays with higher energies
* Sparse SD array (spacing: 2.08 km)

* Two new FD stations

* Hybrid observation by SD and FD

* Efficient for E > 10*° eV
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UHECR events reconstruction with SD
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Stereo

UHECR events reconstruction with FD
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Energy spectrum in full-sky with TA SD
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TA @ ICRC-2025

* 16 years TA SD data
— 2008-05-11 — 2024-05-10
* Three breaks are detected
above 1 EeV.

* Position of new «shoulder»
feature (14 EeV) is
consistent with Auger
«instep», spectral indices
are not consistent
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Energy spectrum in full-sky with TAx4 SD

-+

_+_

TA x4 SD 3yrs (this work, 8 < 65 deg)
TAx4 SD 3 yrs (original, 8 < 55 deg)
TA SD 14 yrs (0 < 45 deg)

o ﬁﬂ;ﬁfﬁ* ¥ T

i

185 190 195

logio(E /eV)

20.0 20.5
TA @ ICRC-2025

3 years TAx4 SD data
— Oct. 2019 — Sep. 2022
Reasonable agreement of the

geometry between data and MC
simulations.

Event reconstructions with inclined
shower (55-65 deg.) are newly
Included.

Consistent with TA SD energy
spectrum.



Comparison of TA and Auger spectra

Auger+TA spectrum working group Auger and TA @ ICRC-2025
— e+ 3R /
N> - >
(D B + +
1—1IH _. .
2 Vugyd o \ 1
L‘ |
> ncy still exists ¢

[ at the highest energies

5 LI

w1071

) ~ common fluorescence yield and E.  mo ®

% B m TA ICRC 2025 invisibleme‘;mergy Y

Ny | e Auger ICRC 2025 I Y
E [eV]

* Full spectrum shape is the same: ankle + suppression at the highest energies
* Flux values at supression region are different; even when using the same EAS models for
analysis



Spectra comparison in the common declination band

Standard common band: =15.7° < 6 < +24.8° * same declination range reduce impact of potential sky-
N = dependent astrophysical effects

* energy range above full efficiency for both the
experiments

* remaining significant difference at the highest energies
* same results once accounted for the different directional

exXposures
Problem still not solved
Auger and TA @ ICRC-2025
1.5
& 10%% " ratio Auger | TA
> - ot - °
] B B I i
T i g9 UCeos * + i
e i o, ’ ! < T mm i m s { ........................................
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o 107 4
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What if we assume pure iron for TA spectrum as an extreme case?

T
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~ ¢ TA, proton (QGSJET 11-04) ;

= ¢ TA, Fe (QGSJET I1-04) l.
x* 4 TA proton (QGSJET II-03)

4 (UHECRZ024)

Woqg-1 ¢ Auger (PRD2020)
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TA @ ICRC-2025 l0g10 (EfEV)

Energy-independent bias is
calibrated with FD-SD hybrid events.

Energy-dependent bias was studied
with extreme case of pure-iron MC
simulations at entire energies.

The discrepancy of TA and Auger
energy spectra was not explained
this way



Energy spectrum in TA for -5°< 0 < 24.8° without excess regions
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Galactic plane
- Supergalactic plane
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Possible solution for spectra
discrepancy in common band?
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Energy spectrum for TA in its full field of view

IIIIIIIIIIIIII 1 1 1 1
25| —i— TA (this work, E rescaled b)} -4, 5%, -15. 7I’<6<+90 )
10 - TA (w/ cuts in [3], E rescaled by -4.5%, -5.7° <5< +90°)-
- —=— Auger (E rescaled by +4.5%, -90°<6<+24.8°)
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Evidence for different origin of
UHECR In the Northern sky?

Full-sky spectrum study with one
(cosmic?) experiment is needed!






UHECR mass composition
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* FD has small statistics (~10% of total)

* Large systematic uncertainty at conversion Xmax to
particle type due to hadronic interaction models

* As a results: no consistency between TA and Auger

* Atmospheric depth of EAS maximum (Xmax) iS a
proxy for UHECR patricle type (mass composition)

* Convenient to measure with FD

* Large shower-to-shower fluctuations:
<Xmax>and o(Xmax) are used
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UHECR mass composition with TAx4 FD
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* Results are consistent with protons and with TA FD



UHECR mass composition comparison between TA and Auger:
composition Working Group

Method to transter Auger data into TA detector

Combine (p, He, N, Fe) of Sibyll 2.3d Energy evolution of nuclear fractions in fits of the Auger Xmax distributions
to fit Auger Xiax distributions | P s
, — tao,
600F  Auger lg(E/eV) =182 - 18.3 - 0s{
o o
o L=
01 o o T & @ P o & B "
+ Augﬂr | 4 helium
|:| proton .
4001 T 0.5 8 & ° & ° ¢ 9
Q o )
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Use as a proxy simulated X,,,x mixes (AugerMixes) and process them with the TA machinery

Result: AugerMixes & TA — representation of Auger Xmax distributions folded with the TA detector and analysis effects

Auger and TA @ UHECR-2024



Comparison of the Xy, moments measured at TA and Auger @ TA

(X \

! max/

— agreement withing statistical and systematic uncertainties, in particular for Ig(E/eV) > 18.5

0( X pax) — larger values in TA for 1g(E/eV) = 18.5 — 19.0, possible reasons:

o constant aerosol profiles used in TA increase (X, ) by 18.9 gﬁ?m_2 (in quadrature) [Ap] 858 (2018) 76]

¢ a few deep events in data can increase o X

max
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Auger and TA @ UHECR-2024
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) significantly (see Xax distributions in next slides)
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* Auger mix for TA analysis Is tested, but the inverse test is also needed!




UHECR mass composition from arrival directions distribution
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Map of expected UHECR flux + data at E > 100 EeV

For E > 100 EeV CR are very isotropic — evidence of very
heavy composition at these energies

The results are robust to various uncertainties of UHECR flux
model
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UHECR anisotropy and search for sources

DESY, Science'Communicatiorn'Lab




Extreme energy particle

Date Energy S300 Zenith Azimuth Right Declination
(UTC) (EeV) (m~?) angle angle Ascension

Particle type 27 May 2021 | 244+29(stat.) | 530+57 | 38.6+0.4° | 206.8+0.6° | 255.94+0.6° | 16.1+0.5°
* No FD observations (Xmax) 10:35:56 31 (syst.)

* SD analysis with machine TA, Science 382 (2023) 903
learning
* Gamma-ray Is rejected 3.80
* Not possible to distinguish Equatorial 60 _
| coordinates ©x NGC6946
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Constraints on closest UHECR source and source number density

For highest energy particles the attenuation length is small — the source should be close
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l p,Mpc® MK, JCAP 04, 042 (2024)
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E>57 EeV 25°radius oversampling TA @ ICRC-2025

Intermediate-scale anisotropy:
Hotspot and a PPSC excess

60° Max. Sig. *

“ 300

< ) Analysis method:
‘ 3 * Oversample number of UHECR events within a
/ fixed radius circle from each direction.

RA=0° * Evaluate Li-Ma significance from isotropy
| expectation.
* TA SD data collected over 15 years was used.
E 2 : s
’ 2 ° 2 N Hotspot (E > 57 EeV):
2 TR * 228 events
* max. local significance: 4.90 at (144.0°, 40.5°)
. * global significance: 2.90
"o 'F',,_ The Perseus-Pisces super cluster (PPSC) excess
- = (E > 10194, 195,19.6 ev):
AR=0° * 1186, 767, 464 events

* significances: 3.10, 3.20, 3.00

-60°




Large scale anisotropy In full sky (harmonic amalysis)
Auger + TA anisotropy Working Group

Auger and TA @ ICRC-2025
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* Significant dipole: amplitude is growing with energy (pointing outside the Galaxy)
* First evidence of quadrupole (at E > 40 EeV): in line with LSS models predictions



Search for UHECR correlation with sources In full sky

Auger + TA anisotropy Working Group

Auger and TA @ ICRC-2025

EtA threshold [EeV]
60 65 70 7
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Wavelength

All galaxies

Starburst galaxies
All AGNs
Jetted AGNs

N of objects | Distances

> 44000 1 Mpc to 250 Mpc
44 1 Mpc to 130 Mpc
523 1 Mpc to 250 Mpc
26 1 Mpc to 250 Mpc

Infrared (2.16 pim)

Far- Infrared (60 mm) Radio (1.4 GHz)
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Correlation with all galaxies 1 Mpc < D < 250 Mpc (2MRS catalog)

dataset ﬁgcr Em® © f TS  post-trial
ICRC2023 |38EeV 48.2EeV (197F°)° (257%)% |14.7 280
UHECR 2024 | 37EeV  46.5EeV  (267%)° (307%)% | 13.5  2.60
ICRC 2025 37EeV 47 EeV (29.27129)°(33.6726%)% 135 280
Correlation with starburst galaxies 1 Mpc < D < 130 Mpc (Lunardini+ 19 catalog)
dataset R"&‘;er EZ" © f TS  post-trial
ICRC2023 |38EeV 48.2EeV (15.4732)° (11.7'37)% |30.5 4.60
UHECR2024 | 38EeV 47.8EeV  (15.0739)° (11.1731)% | 29.5  4.40
ICRC2025 38EeV 48EeV (15.074%) (10.6#21_;2)% 273 420

pre-trial significance (y3)



UHECR anomalous correlation with BL Lac objects (TA only)

p-values of pair counts (null hypothesis: isotropy)

0.100 £

* Likelihood analysis was conducted to confirm the
correlation with BL Lac objects reported by the HiRes
Collaboration; suggesting the presence of a small
fraction of neutral primaries at E > 10 EeV.

68% CL

angular resolution

= * 6712 TASD events
S oo * Post-trial p-value with pair counting method 3.0x10-2
o for events with E > 10 EeV

;Telesmpe Array
preliminary

e P-value with maximum likelihood method 1.7%10-3 for
events with E > 10 EeV

e P-value with maximum likelihood method 3.3%x10-2 for
0 ”' 2 . events with E > 1 EeV

opening angle, deg * Correlating fraction is ~0.7%

angular resolution

90% CL

0.001

Likelihood analysis results

E, eV In(R) ng <In(R)> | opr |<ng> F
E >10'| 29.23 100 9.50 4.85 56.41|| 1.7x1073
E >10'® 61.19 616 34.03 891 | 482.63|| 3.3x10°3

TA @ ICRC-2025




Search for UHE gamma-rays

Telescope Array @ UHECR-2024

' " Gelminietal. 2008, GZKp | * A neural network classifier is developed and
1.00000 L Hooper et al. 2011, GZK p _ trained on the photon-induced and proton-
s . achelriess of al 2%%1 S(IE—IZDPK/IFe% induced Monte-Carlo event sets.
— - I . g : ; : i
' 7 Yakutsk_ SHDMMI — . — - « A classifier is fine-trained using the data events
i 3 T TA oyr : which are not photons with high confidence.
~< ¢ i * The limits on the ultra-high-energy photon flux
%0.01000 % ~ are established based on 14 years of TA SD
= %/@e Auger hybrid - data. Y
s ] . . :
= T * Limits are competitive with Auger at E > 108>
£0.00100 % PTAO = P J
- _
///////////////////// /@t rreT;ﬁ, dYsp - « The limits probe the protonic models for
0.00010 dal — cosmogenic UHE gamma
10'° 10" 10°°

Ey, eV



Search for UHE neutrinos

Telescope Array @ ICRC-2025

Southern sky Northern sky
107> : i I | |
~ | N\
ks .
| - ‘ I | !
7, | R
) '\ l mmmmmmm——
& 1076 - Auger Down going all flavors, \-/ I
; ] \ /75" < 60<90°1 Jan 2004 - 31 Aug 2018 '
@z ,.-""——_-----"-- l
\ /’ SN/
% \ / Auger Down going all flavors, \/
\Z\ 10-7 - v 60° <@ < 75°,1 Jan 2004 - 31 Aug 2018
= ;
o~
=
Upper Limits 90% CL
10_8 L] 1 1 1 1 1 T
-80 —-60 —40 —20 40 60 80

Declmatlon [deg]

* Upper limits on UHE neutrinos are
obtained with 16 years TA SD data.

* Inclined shower events : 65°< 6 <85°
* Two observables

— Shower curvature parameter

— Area over peak

NoO neutrino event was observed
= 2.44).

(Nexp



Conclusions

* New «shoulder» feature (softening) in all-particle UHECR spectrum at E = 14 EeV
* TA and Auger spectra are not consistent in common sky-band at highest energies
* Tension can be alleviated by cutting-off excess areas in TA
* TA and Auger spectra are severely inconsistent in their full FoV (80)
* Possible evidence for distinct UHECR source in the Northern sky
* TA FD measurements consistent with protons up to highest energies
* Not fully consistent with Auger-inferred composition
* Evidence of very heavy injected UHECR composition at highest energies (E > 100
EeV) from distribution of arrival directions and flux simulations
* Extreme energy (244 EeV) particle Is detected
* The closest UHECR source should be not farther than 5 Mpc
e Sources in general are not rarer than 10* Mpc™
* TA Hotspot at E > 57 EeV is persisting
* Auger-TA UHECR - starburst galaxies correlation is persisting
* First evidence of arrival directions quadrupole at E > 40 EeV
* Evidence of anomalous correlation of small fraction of UHECR with distant BL Lacs

Thank youl!
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Magnetic Field Strength [G]

YckopeHue KJ/1 B X BO3MOXXHbIX UCTOYHUKAX

Kputepun Xnnnaca

R = E/qB — napmopoBckuin pagunyc

Emax = BshockBRIT — MakcumanbHaa focTmxumasa sHeprus

Knaccbl NICTOYHUMKOB noa NMPAMbIMU — UCKJ/THOYEHDbI

1 au 1 pc 1kpc 1 Mpc
1014 _::P\\ - /8 = 1.0
----- 8 =0.01
1011_
108_
10° RB Pron
LL GRBs/TDEs
10?1 |
Wolf-Rayet stars
101
. AGN
3y Hotspots
4 . AGN
10 *._Lobes
-7
10 Galaxy clusters
10~19 - - - ' - ' l
0t 107 101 10% 10% 10" 102 10%

Comoving size - I' [cm]

Kputepui obLlen sHepreTukm

L = 5x10%* erg/(Mpc3yr) — coBoKynHas CBETUMOCTb

NCTOYHUKOB, HEOOXOAUMAA YTOObI MONYUNTb HabGNAAEMbIN
cnekTp KJ1 (Auger, 2017)

3aBuUCUT OT Emin BHETANAKTUYECKNX KJT 1 cOOTHOLIEHUA Ly/Lcr
Knaccbl ICTOYHUKOB nofd NPAMbIMUA — WUCK/THOUYEHDI

Alves Batista et al., 2019
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Step two: realistic UHECR mock sets

Generate UHECR sets with state-of-art simulated skymaps

* Sources in LSS (corrected 2MRS catalog up to 250 Mpc, isotropy farther)

* Properly attenuated injected primaries (p-He-O-Si-Fe), secondaries for He & O
are included (SimProp 2.4)

* Fix best fit injection spectrum separately for each primary (di Matteo & Tinyakov 2018)

* No EGMF deflections

* GMF deflections: backtracking for regular component,

* Non-uniform gaussian smearing for random component (Pshirkov et al. 2013)

e Sets are generated according to these maps with a spectrum adjusted to the observed
one (TA@ICRC 2015)

 Effectively infinite statistics (statistical effects are reflected only in the data)

* Only free parameters of the model are fractions of each primary

* All other uncertainties: to study separately (subominant!)

Proton map at E = 100 EeV Iron map at E = 100 EeV



Koppenaunsa ¢ nCToYHnKamu, nPOTOHHbLIN cLeHapum

* [MpeanonoXXmMm 4YTo NCTOYHMK HAXOAUTCHA B KAKOW-TO rasiakTUKe U OH UCnycKaeT NpOoToH

* ba3oBbIN cUueHapuit: E = 244 953B, oTK/IOHEHME B raJlakTUYeCKOM MarH. nosie yyuTeHo,
BHerasiaktTnyeckoe nose cnaboe

* OTHOCUTESNBbHbIN OXMaaeMbl NOTOK C HanpaB/ieHNA npuxoaa Yactulbl MmeHee 1% — 6a30BbIi
MPOTOHHbLIN CLUEHaPUN MasIOBEPOATEH

Red dot: reg. Galactic MF JF'12
Blue: reg. Galactic MF PT'11



Koppenauna ¢ CTOYHUKaMu, SAepHbIV CLLeHapun

* [peanonoXXmnm YTo NCTOUYHUK UCMYCKAEeT Kakoe-To A4P0
* /13-3a paccedaHna Ha KOCMNUYeCKOM DOHOBOM M3/1y4YeHUN POXAaeTcAa Kacka aaep ¢ MeHbLLINM
3apa40M 1 NPOTOHOB
* ba3oBbIN cUueHapuit: E = 244 53B, oTK/I0HEHME B raJlakTUYECKOM MarH. nose yyTeHo,
BHeraslaktuyeckoe rnose cnaboe
* XOTUM NMOCTaBUTb OrpaHnyeHna Ha koppenauno ¢ 95% TOYHOCTLIO:
* KakoB MMHMMa/1bHbIV 3apsag N3/y4eHHOro sapa Ytodbl OTHOCUTESIbHbLIN OXXKUaaeMbl NOTOK C
Hanpas/eHna npuxoaa coctaBnsan XoTd 6bl 5 %?

E = 244 EeV, P (Z = 15), no EGMF

Red dot: reg. Galactic MF JF'12 |
Blue: reg. Galactic MF PT’11



Correlation with sources, proton scenario: uncertainties

We can constrain the distance to the source by analyzing the CR propagation

Scenario la: E = 244 EeV, extreme EGMF
Scenario Ib: E = Egetectea - 20 (Stat.) - (sys.) = 135 EeV, extreme EGMF

The relative expected flux at the event direction is less than 1% in both
cases — proton scenario is disfavored even with uncertainties! -
The event should be a nucleus!

E =244 EeV, EGMF E =135 EeV, EGMF




OrpaHnyeHnsa Ha KoOHUeHTpaun NCTOYHUKOB K/

Mbl NONYUYNSIN OrpaHNUYEHne Ha paccTosiHue A0 6amkaiiwero nctodydmka: D < 5.OJ_F§:8 Mpc
(HWXHEN HeonpeaesnieHHOCTN HET U3 3a OrpaHNYeHNs KaTtasora)

XOTUM NepeBecTn 3TO B YHMBEPCaUIbHOE OorpaHnyeHne Ha KOHUeHTpaunio UCTOYHUKOB KJ1: p

Cuntaem, YTo UCTOUHMKN pacnpeaesieHbl Bo BcenieHHoW BLUENOM C/lydanHo, no NyaccoHy

A= e (V)Y
p(/)a ) — N N — KO/In4yecTBO MCTOYHUKOB B 0b6beme V

YTOObI NOAYUYMTb OrpaHNYEeHnst Ha P Ha ypoBHe 95% Mbl CUMYIMPYEM MHOXECTBO
[lyaccoHOBbIX peanu3aunii 3D KapTbl MICTOYHUKOB U TPEOYEM YTOObI XOTS Obl OANH NCTOUYHUK

nonagan B 06bem V = 4/3 1t D3 no kpanHen mepe B 5% peanmsauui

|B 6a30BOM sinepHom cueHapun nonyyaem D < 5.0 Mpc - p > 1.0 - 10 Mnk*




Correlation with sources, nucleus scenario:
uncertainties

ake into account energy uncertainty and possible EGMF

For E = Egerected - (SYS.) = 168 EeV and with extreme EGMF the lightest
correlated nucleus is S (Z=16)

Constrain the distance with the same procedure: D < 13.4 Mpc

E =168 EeV, S (Z = 16), extreme EGMF

0.15¢ | | ' E
Eqgetected = 168 E€V, extreme EGMF -

0.10¢
— Allnuclei

PDF

—— Correlating nuclei |

0.05;
95%

0.00;

0 5 10 15 20
D, Mpc
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